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Abstract
Currently, the fossil fuel sources are the major contributors to the world's energy mix.
However, these conventional energy sources are depleting very fast due to their finite
nature and extensive uses. An addition to their finite nature, environmental problems
related to their uses are getting progressively worse and worse, initiating challenging
debates for scientific communities. Biodiesel, a renewable fuel, has shown promising
prospects due to its  strong socioeconomic benefits and motivations in most of  the
countries of the world. Bifunctional heterogeneous catalysts are strongly recommended
for biodiesel production from different feedstocks to simplify the process. This review
highlights the challenges and opportunities associated with the heterogeneous catalysts
and some recommendations to design an efficient bifunctional heterogeneous catalyst
for economical biodiesel production from waste cooking oil.
Keywords: biodiesel, bifunctional heterogeneous catalyst, recommendation
1. Introduction
Deep concerns regarding fast depletion of conventional energy resources and their associated
environmental issues are hot debates for both developed and developing countries. Moreover,
these conventional energy sources are located in politically unstable regions, creating issues
about scarcity of supplies and instabilities in the international oil prices [1]. It is, therefore
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essential to explore some alternative, potential, renewable, and sustainable source of energy
that would be secure, economical, and environment friendly [2–4]. Among explored biofuels,
biodiesel has received a great deal of attention as compared to other biofuels due to its domestic
and renewable origin, nontoxic nature, biodegradability, environmental benefits, and excellent
lubricity [5, 6].
A variety of oleo‐chemical feedstocks such as vegetable oils (edible and non‐edible oils), waste
cooking oils (WCOs), animal fats, and greases have been identified as potential raw oils for
biodiesel production in different countries (Figure 1) [7]. At present, biodiesel is mainly
produced from edible oils all over the world (more than 95%) [8, 9]. However, the extensive
use of edible oils for biodiesel production might lead to chronic food crisis in poor and
developing countries. Therefore, to avoid the food problems, World Food Organization (WFO)
has also legislated strict regulations over the use of edible oils for fuel purpose. The use of non‐
edible oils or waste cooking oils is therefore considered to be the possible solution to overcome
the food issues as well as lower the biodiesel production cost‐effectively [10–14]. In addition,
the use of waste cooking will further solve the environmental problems that arise from its
disposal [15, 16].
Figure 1. Production of biodiesel from different feed stocks [7].
Commercially, biodiesel production is carried out from vegetable oils or animal fats using
homogeneous catalysts all over the world [17, 18]. Homogeneous base catalysts possess high
catalytic activity under mild reaction conditions (from 40 to 65°C in normal atmospheric
pressure) [19]. Similarly, homogeneous acid catalysts are also used in the biodiesel production
from high free fatty acids feedstocks. However, homogeneous catalysts bear some technical
issues such as soap formation, reactor corrosion, difficult to recover, and the production of
large amount of polluted water, which in turn increase the overall biodiesel production cost
and hazards [20, 21]. Therefore, special attention is being paid to the involvement of the
heterogeneous catalyst for biodiesel production due to their green and recyclable catalytic
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activities. Heterogeneous catalysis has the ability to mitigate the various challenges encoun‐
tered with the use of homogeneous catalysts for biodiesel production from low cost feedstocks.
Heterogeneous catalysts bear several technical advantages such as easy separation and
purification of the reaction products, reduced reactor corrosion, low sensitivity towards free
fatty acids and moisture contents [22, 23]. In general, solid base catalysts show high activity,
relatively shorter reaction times, and require lower reaction temperatures as compared to solid
acid catalysts [24]. However, solid acid/ base catalysts have several limitations such as
feedstock specification, deactivation due to leaching, and reusability for sustainable biodiesel
production.
Recently, the concept of bifunctional heterogeneous catalysts has been introduced in the
biodiesel technology for efficient biodiesel production from different feedstocks. Several
studies have been carried out on the use of the bifunctional heterogeneous catalyst for biodiesel
production from low cost feedstocks [25–28]. Bifunctional heterogeneous catalysts exhibit both
acid and base character, therefore can simultaneously carry out esterification of free fatty acids
and transesterification of triglycerides to develop cleaner and economical processes for
biodiesel production. More importantly, a bifunctional heterogeneous catalyst can easily be
modified to introduce the desired physicochemical properties so that the presence of free fatty
acids or water does not adversely affect the reaction steps during the transesterification
process.
This study aims to review the role of bifunctional heterogeneous catalysts in biodiesel
production from different feedstocks for a sustainable energy process. In addition, the possible
recommendations will also be discussed in the light of existing problems associated with the
current biodiesel technology to design a robust catalyst for a sustainable biodiesel technology.
2. Biodiesel and its production scenario
According to American Society for Testing and Materials (ASTM), biodiesel is a mixture of
mono‐alkyl esters of long‐chain fatty acids derived from vegetable oils (edible and non‐edi‐
ble origin) or animal fats. Biodiesel is regarded as a clean fuel, emitting negligible amount
of pollutants into the environment and sufficiently reduces the emission of pollutants when
blended with diesel [29–31]. A number of methods are currently used for biodiesel produc‐
tion from different feedstocks to overcome the high viscosity of the vegetable oils as a fuel.
However, there are four main processes employed for biodiesel production (Figure 2): di‐
rect use and blending of raw oils [32, 33], micro‐emulsions [34, 35], thermal cracking [36,
37], and transesterification [38–40]. Among them, the most commonly used method for
converting oils into biodiesel is transesterification because the fuel produced by this meth‐
od shows good compatibility with the existing engine [41, 42]. The vegetable oils and fats
are extremely viscous (10–17 times viscous than petroleum diesel fuel), therefore posing
several problems as alternative engine fuels [43]. The main objective of the transesterifica‐
tion process is to lower the viscosity of the oil close to that of petro‐diesel. In transesterifi‐
cation, vegetable oils or animal fats are chemically converted into their corresponding fatty
acid esters in the presence of alcohol using a suitable catalyst [44, 45].
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Figure 2. Methods used for biodiesel production.
The cost of biodiesel is widely regarded as a principal barrier in the development of the
sustainable energy process. It has been reported that the feedstock cost is the major factor
contributing to the final biodiesel cost and this cost represents approximately 70–95% of
the total cost of biodiesel production [46–48]. Therefore, several efforts have been devoted
to explore and select an ideal feedstock for economically viable biodiesel production. As a
result, some countries of the world have focused on the use non‐edible oils as a feedstock
for biodiesel production to avoid food problems. However, the use of non‐edible oils for
biodiesel production cannot be the ultimate solution for a sustainable energy process as
large plantation land areas would be required for large‐scale non‐edible oils production.
This may disturb the entire animal and plant ecosystems [45, 47]. Therefore, it is important
to search for cost effective biodiesel feedstock such as waste cooking oil, which is cheap
and easily available all over the world. The utilization of waste cooking oil as a fuel effec‐
tively resolves the environmental problems associated with its direct discharge into the
drainage system [49].
Similarly, another important factor contributing to the final cost of biodiesel is the technological
challenge, involving exploration of highly effective catalysts and their corresponding processes
for a sustainable biodiesel technology. A wide range of catalysts (homogeneous/heterogene‐
ous) can be employed for biodiesel production from different feedstocks as shown in Fig‐
ure 3. Heterogeneous catalysis has been considered to be the best choice for the biodiesel
technology in the near future. Heterogeneous catalysts can easily be recovered, recycled, and
have environmental friendly behavior. Recently, bifunctional heterogeneous catalysts have
gained worldwide interest for biodiesel production due to their excellent performance in
biodiesel production from low cost feedstocks. A bifunctional heterogeneous catalyst has the
ability to carry out simultaneous esterification of free fatty acids and transesterification of
triglycerides present in the waste cooking oil efficiently.
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Figure 3. Catalysts used for biodiesel production.
3. Feedstocks for biodiesel production
Biodiesel is mainly produced by tranesterifying vegetable oils or animal fats commercially.
However, compared to petroleum‐derived diesel, the high cost of biodiesel is a major obstacle
to its commercialization, which is 1.5–3 times higher than petroleum derived diesel [14]. The
feedstocks mainly contribute to a major portion of the overall biodiesel production cost.
Therefore, it is essential to select a feedstock for biodiesel synthesis, which is cheap, domesti‐
cally available, and not compete with the food materials.
The choice of feedstocks for biodiesel production depends on two main factors, its availability
and cost. Biodiesel is produced from different biological raw materials such as vegetable oils
(edible and non‐edible oils), animal fats, algal lipids, waste cooking oil, etc. [50–52]. Edible
vegetable oils such as canola oil and soybean oil in USA, palm oil in Malaysia, rapeseed oil in
Europe, and corn oil have been used as feedstocks for biodiesel production and found to be
good diesel substitutes. Non‐edible vegetable oils, such as oil from Pongamia pinnata (Karanja
or Honge), Jatropha curcas (Jatropha or Ratanjyote) and Madhuca indica (Mahua) have also been
found to be suitable feedstocks for biodiesel production [53, 54].
Similarly, algal lipids as feedstocks for biodiesel production are also gaining interest all over
the world [55]. Algae convert carbon dioxide into sugar and proteins in the presence of
sunlight. However, in the absence of nitrogen they mainly produce oil. A microalgae Chlorella
protothecoides, has been grown under autotrophic and heterotrophic conditions to obtain lipids
as a raw material for biodiesel industries. The lipid content in the heterotrophic cells reached
55.20% as compared to 14.57% in autotrophic cells [56].
Vegetable oils (edible and non‐edible oils) are the predominant raw materials for the produc‐
tion of biodiesel, because they are renewable, potentially an inexhaustible source of energy,
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possess environmentally friendly characters, and can be produced on a large scale [16]. More
than 95% of the biodiesel production is made from edible oils in different countries. It has been
reported that approximately 70–95% of the total biodiesel production cost is related to the cost
of the raw materials (vegetable oil or animal fats) [11, 21, 22]. According to reports of Food and
Agriculture Organization (FAO), esculent plants containing oil are used for the production of
biodiesel among which about 84% of the biodiesel is from rapeseed oil (RSO) and the remaining
is from sunflower (13%), palm oil (1%), soybean, and others (2%) [2].
Moreover, the use of edible oils for fuel production is puzzling as more and more of the global
food demand rises. There are also issues of deforestation and ecological imbalance while
diverting the virgin forests and arable lands to large‐scale biofuel production feedstocks [57].
In other words, the sustainability of edible oils as a biodiesel feed is under threat. Thus, the
biodiesel production technology faces several challenges that must be overcome to make it
sustainable.
The use of waste cooking oils for biodiesel production instead of edible oils can be a promising
choice to enhance the economic viability of biodiesel production on a large scale. It has been
reported that the biodiesel production cost can be reduced effectively from 60 to 70% by using
waste cooking oil [24]. Since waste oil is easily available at a relatively low price, therefore can
be a workable feedstock for biodiesel production to make the biodiesel competitive in price
with petroleum‐based diesel.
Huge amounts of waste cooking oils are produced all over the world every day, especially in
the developed countries. Such a large amount of waste cooking oil production can lead to
several disposal problems and contamination to water and land resources and ultimately to
environmental pollution. Therefore, we need to search a green utilization of waste cooking oil
to avoid the disposal problems. The utilization of waste cooking oil, as feedstock for biodiesel
production is not only economical and guarantees food safety but will also minimize the
environmental problems associated with their disposal [58]. The estimated waste cooking oil
production in the selected countries is depicted in Table 1. Recently, several studies have been
made to investigate the biodiesel production from waste cooking oil using heterogeneous
catalysts for sustainable energy production. The details of these studies are given in Table 2.
Country Waste cooking oil produced (million tons/year)
United States 10.00
China 4.50
Europe 0.70–1.00
Japan 0.45–0.57
Malaysia 0.50
Canada 0.12
Taiwan 0.07
Ireland 0.153
Table 1. Annual production of waste cooking oil in the selected countries [59].
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Catalyst Time
(min)
Temperature
(°C)
Catalyst
loading
(wt%)
Methanol:oil ratio Yield (%) Reference
CaO 120 65 0.78 12:1 ≥ 99 (soap
formation
occurred)
[60]
Oil Palm Ash (K2O major
component)
30 60 5.35 18:1 71.74 [61]
Quick Lime Bit (solid base
catalyst)
120 60 1.3 150:300 (v/v) 96.5 [62]
CaO 180 60 2 7:1 ≥ 80.0 [63]
CaO‐La2O3 180 58 5 20:1 ∼ 96.0 [64]
Mg‐Al hydrotalcite 360 120 6 24:1 ≥ 90 [65]
Mg‐Al hydrotalcite or
Mg‐MCM‐41
300 60 0.5 65 mL methanol
and 5 g oil
97 or 87 [66]
ZnO‐La2O3 180 200 3 180:126 (wt/wt) 96 [67]
K3PO4 (tri‐potassium phosphate) 120 60 4 6:1 97.3 [68]
Zn3La1(Lanthanum modified
Zno
180 200 2.4 26:1 92.3 [69]
CaO 120 80 3 6:1 ≥ 84 [70]
Heterogeneous base catalyst
Na‐Mg‐Al hydrotalcite
(HT‐Na)
480 60 7 9:1 67 [71]
Mg1‐x Zn1+xO2 255 188 2.5 9:1 ≥ 80 [72]
SrO 0.67 MW oven of
1100 output
with a magnetic
stirring
0.276 6:1 99.8 [73]
Mg‐Al hydrotalcite (2:1) 240 65 2.5 9:1 77.2 [74]
Hydrated lime 120 60 3.6 0.17 (vol) 100 [75]
CaO‐ZrO2 120 65 10 30:1 92 [76]
CaO (Clamshell) 180 60 3 6.03:1 > 89 [77]
KOH/Al2O3 120 70 5 9:1 96.8 [78]
Calcined snail shell
(CaO is major
component)
480 65 2.0 6.03:1 87.28 [79]
CaAl2‐CLDH
(hydrocalumite)
300 65 5 ≤6:1 ≥ 95 [80]
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Catalyst Time
(min)
Temperature
(°C)
Catalyst
loading
(wt%)
Methanol:oil ratio Yield (%) Reference
Calcined eggshell waste
(99.2 wt% CaO)
4 900 W
Microwave
power
15 18:1 96.7 [81]
Waste mud crab shells +
cockleshells + boiler ash
30 65 3 15:1 99 [82]
Heterogeneous acid catalyst
K4Zn4[Fe(CN)6]3·6H2O·
2(t‐BuOH) [Fe–Zn double‐metal
cyanide (DMC) complexes]
480 170 3 15:1 98.0 [83]
d‐glucose‐derived solid acid 720 80 0.5 5.54:5 (wt/wt) ≥ 90 [84]
SO42‐/TiO2–SiO2 120 200 3 9:1 92 [48]
Zinc stearate/SiO2 600 200 3 18:1 98 [85]
Starch‐derived solid acid 600 80 10 30:1 92 [86]
H3PW12O40.6H2O
(heteropolyacid)
840 65 0.0375 70:1 97 [87]
Al0.9H0.3PW12O40 (aluminum
dodecatungstophosphate)
840 65 3 34:1 96.1 [88]
Zn1.2H0.6PW12O40 720 65 2.5 28:1 97.2 [89]
Zr0.7H0.2PW12O40
(heteropolyacid, ZrHPW)
320 65 2.1 20:1 96.7 [90]
SO42‐/SnO2‐SiO2 180 150 3 15:1 92.3 [91]
WOx/Al2O3 120 110 1 0.3 (wt/wt) 97.5 [92]
SO42‐/ZrO2 240 120 3 9:1 93.6 [93]
Fe2(SO4)3/C 180 95.15 3.5 18:1 98 [94]
12‐Tungstophosphoric acid
(TPA)/Nb2O5 (25 wt % TPA)
1200 200 3 18:1 92 [95]
SO42‐/SnO2‐SiO2 90 150 6 15:1 88.2 [96]
Vegetable oil asphalt‐based
solid acid
270 220 0.2 16.8:1 94.8 [97]
Al(HSO4)3 50 220 0.5 16:1 81 [98]
Arenesulfonic acid‐
functionalized mesoporous
silica SBA‐15
120 160 8 30:1 ∼ 80 [99]
SO42‐/SnO2‐SiO2 60 150 6 Methanol:ethanol:oil:
9:6:1
81.4 [100]
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Catalyst Time
(min)
Temperature
(°C)
Catalyst
loading
(wt%)
Methanol:oil ratio Yield (%) Reference
Silica‐sulfuric acid 30 60 1.5 6:1 90 [101]
Al2O7Si2.2H2O (kaolinite) 120 160 3 31:1 92.4 [102]
SO42‐/ZrO2‐Al2O3 240 200 0.3 67.9:1 94.8? [103]
H3PW12O40·6H2O 60 30 (1.3 kW
reboiler duty)
67.9:1 93.98 [104]
Cs2.5PW12O40
[Cs‐doped heteropoly acid]
40 260 (pressure:
20 MPa)
3 40:1 92 [105]
Cs2.5H0.5PW12O40/ionic liquids 220 70 1 6:1 97.3 [106]
Table 2. Summary of various heterogeneous catalysts used in the transesterification reaction of waste cooking oil.
The catalysts mentioned in Table 2, show good catalytic activity in biodiesel production from
low cost waste cooking oil feedstocks. However, several problems such as separation, recy‐
cling, soap formation, leaching, reactor corrosion, etc., are associated with these catalysts while
using for biodiesel production from low cost feedstocks containing high free fatty acids and
water contents. In order to overcome these problems, bifunctional heterogeneous catalysts
have been formulated to produce biodiesel from low cost feedstocks for a sustainable energy
process. Bifunctional heterogeneous catalysts show very good efficiency in low cost feedstock
conversion into biodiesel by carrying transesterification of triglycerides and esterification of
free fatty acids present in the feedstock without any substantial loss in their activity due to the
water content present.
4. Bifunctional heterogeneous catalysts for biodiesel production
Several studies have been carried out to address the technical challenges associated with the
biodiesel technology for large‐scale and profitable biodiesel production. First, the high cost of
edible vegetable oil as the source of triglycerides plays a key role in process profitability.
Therefore, to reduce the biodiesel production costs and make it competitive with petroleum
based diesel, low cost feedstocks, such as non‐edible oils, waste frying oils, and animal fats,
may be utilized as raw materials. However, the major problem associated with such feedstock
is higher amounts of free fatty acids and water, resulting in soap formation in the presence of
an alkali catalyst. Thus, additional steps are required in order to remove any water and either
the free fatty acids or soap from the reaction mixture.
Therefore, synthesis of novel heterogeneous catalysts with desired physical and chemical
properties for biodiesel production form low‐grade feedstocks is one of the focuses of the
catalytic scientist. In this context, the bifunctional heterogeneous catalyst with acid‐base
character has attained a great focus for various organic reactions over the past decade.
Bifunctional heterogeneous catalysts carry out simultaneous esterification of free fatty acids
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and transesterification of TG present in the oil effectively without being affected by the water
content present or produced during the biodiesel formation due to the presence of both active
acids and bases sites on the surface of catalyst, thereby effectively reducing the biodiesel
production cost. Moreover, bifunctional heterogeneous catalysts can easily be tuned to include
desired catalyst properties so that the presence of free fatty acids or water does not adversely
affect the reaction steps and the biodiesel yield during the transesterification of triglycerides.
The general mechanism for bifunctional heterogeneous catalysts is presented in Figure 4.
Figure 4. General mechanism for simultaneous esterification and transesterification reactions on bifunctional heteroge‐
neous catalyst [107].
Several attempts have been made to investigate the catalytic activity of this type of catalysts
in the transesterification reaction of low‐grade feedstocks for biodiesel production. These
catalysts show good catalytic performance during the biodiesel production from different
feedstocks. The serious problem associated with the heterogeneous catalyst is its deactivation,
which in turn reduce the catalyst reusability and chemical stability. These two factors play a
key role in the biodiesel production cost, which is the main hurdle for its commercialization.
In the view of the literature presented, it shows that the biodiesel technology is still not so
mature to contribute more for overcoming the energy needs. Therefore, efforts are still in
progress all over the world to develop an efficient bifunctional catalyst for biodiesel production
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to overcome the serious disadvantages associated with the present biodiesel production
technology. The bifunctional heterogeneous catalysts developed in the last few years are
studied in detail below.
Yan et al. [64] synthesized novel zinc and lanthanum mixed oxides as heterogeneous cata‐
lysts for biodiesel production from unrefined or waste oils. They also studied the physico‐
chemical properties of the synthesized catalysts, effects of the metal oxide molar ratio, free
fatty acids and water contents in feedstock, molar ratio of methanol and oil, and reaction
temperature, on the yield of biodiesel. The authors found that a strong interaction between
the Zn and La species existed with enhanced catalyst activities. Moreover, lanthanum en‐
hanced the zinc oxide distribution, thereby, increased the surface acid and base sites which
in turn enhanced the catalyst ability for simultaneous transesterification and esterification
reactions. They reported that the catalyst with a 3:1 ratio of zinc to lanthanum could effec‐
tively catalyze both transesterification/esterification reactions, and with negligible hydroly‐
sis activity in oil as well as in biodiesel. The biodiesel yield of 96% of fatty acid methyl
esters (FAME) was recorded within 3 h using waste oils in reaction temperature range of
170–220°C.
Macario et al. [108] produced biodiesel from waste oilseed fruits with methanol in the
presence of heterogeneous/homogeneous systems using acid and basic catalysts. The au‐
thors synthesized catalysts with strong acid sites (USY, BEA, FAU‐X) and catalysts with
weak acid sites (MCM‐41 and ITQ‐6) by the hydrothermal process. Potassium was intro‐
duced into different materials by ionic exchange such as K‐MCM‐41 and K‐ITQ‐6 to pre‐
pare bifunctional catalysts (acid–base catalysts). They found that highest triglyceride
conversion and biodiesel yield values could be achieved using K‐ITQ‐6 catalysts in reac‐
tion time of 24 h at 180°C temperature. They further demonstrated that deactivation of the
catalyst occurred due to potassium leaching. The catalyst exhibited good regeneration via‐
bility and could be reused for biodiesel production from low‐quality oil for cheaper bio‐
diesel production.
Cannilla et al. [109] investigated the catalytic performance of the MnCeOx type bifunctional
catalyst using refined sunflower oil for biodiesel production with methanol. They synthesized
a series of manganese‐ceria catalysts with the Mn/Ce atomic ratio ranging between 0.4 and 3.4
by the redox‐precipitation method. NH3‐TPD and CO2‐TPD were utilized for acid‐base active
sites measurements on the surface of MnCeOx catalysts. It was found that MnCeOx catalytic
systems exhibited high surface area, high chemical and thermal stability and high Mn
dispersion, thereby resulted in high biodiesel production by the transesterification reaction of
sunflower oil with methanol at a temperature of 140°C in 5 h of reaction time at low
catalyst/oil ratio (1 wt.%). Moreover, the catalyst showed excellent catalytic stability and the
deactivation phenomenon was found to be lower than that employed for acid catalytic
reactions. They concluded that catalyst performance was the result of a synergic role played
by both the surface acid/base character and textural porosity.
Wen et al. [110] prepared a TiO2–MgO bifunctional mixed oxide catalyst by the sol–gel method
to carry out simultaneous transesterification and esterification reactions in waste cooking oil
into biodiesel. They found that the catalyst withone molar ratio of Ti and calcined at 923 K
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exhibited high activity and stability in the biodiesel reaction. They suggested that titanium
improved the stability of the catalyst as a result of defects induced by the substitution of Ti
ions for Mg ions in the magnesia lattice. Furthermore, they found that the MT‐1‐923 catalyst
provided maximum biodiesel yield of 92.3% in the first use and increased after reuse of fourth
time. The increase in the catalytic activity was attributed to increase in the specific surface area
and average pore diameter after regeneration. The TiO2‐MgO mixed oxide catalyst showed
good potential in large‐scale biodiesel production from waste cooking oil.
Borges et al. [111] studied biodiesel production from sunflower oil and frying oil with a
bifunctional heterogeneous catalyst derived from natural porous silica, pumice. The bifunc‐
tional activity of the catalyst was enhanced by introduction of K into the catalyst. They further
investigated the dependence of the reaction variables such as temperature, reaction time,
catalyst loading, and methanol/oil molar ratio on biodiesel yield using sunflower oil and waste
oil as feedstocks. The natural material, pumice exchanged with a KOH aqueous solution
demonstrated to be an efficient bifunctional heterogeneous particulate catalyst for simultane‐
ous transesterification of triglycerides and esterification of free fatty acids present in sunflower
oil and waste frying oil at low temperature (55°C). Moreover, the reusability studies showed
that there was no considerable change in the activity of the catalyst even after five regenera‐
tions, demonstrating it to be a stable material.
Misra et al. [112] synthesized bifunctional heterogeneous catalysts by the conventional sol gel
method for biodiesel production from different feedstocks such as soy, canola, coffee and waste
vegetable oils containing variable amounts of free fatty acids (0–30 wt%). The authors reported
that the synthesized bifunctional Quntinite‐3T catalyst could effectively converted the free
fatty acids and triglycerides (TGs) simultaneously into biodiesel in a single step of batch
reactor. Similarly, Quntinite‐3T also showed substantial reusability up to five times with more
than 95% catalytic activity.
Omar et al. [107] studied the catalytic activity of alkaline modified zirconia (Mg/ZrO2,
Ca/ZrO2, Sr/ZrO2, and Ba/ZrO2) to identify an efficient bifunctional heterogeneous catalyst
for biodiesel production from waste cooking oil (WCO). Physicochemical properties of the
synthesized catalysts were analyzed by BET surface area, XRD, FESEM and CO2‐NH3‐TPD.
The authors reported that among different synthesized catalysts, Sr/ZrO2 exhibited higher
catalytic activity due to the presence of optimal active basic/acidic sites, facilitating simul‐
taneous transesterification and esterification reactions in WCO. The results demonstrated
that the methyl ester (ME) yield of 79.7% could be obtained by using 2.7 wt% catalyst
loading (Sr/ZrO2), 29:1 methanol to oil molar ratio, 169 min of reaction time and 115.5°C
temperature.
Jiménez‐López et al. [113] reported that incorporation of the WOx species into a mesopo‐
rous zirconium‐doped silica could lead to an effective catalyst formulation that could cata‐
lyze both transesterification and esterification reactions in the used oil. During their
investigations, they found that the catalyst calcined at 700°C with 15 wt% WO3 loading
provided the biodiesel yield higher than 80% after 2.5 h reaction time at reaction tempera‐
ture of 200°C in the presence of methanol. Moreover, the catalytic activity could be main‐
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tained even in the presence of 5 wt% of water and after three cycles of re‐utilization,
without any further treatment of the catalyst.
Salinas et al. [114] investigated the catalytic performance of potassium supported on titania as
a catalyst for the production of biodiesel from canola oil. The authors reported that low
loadings of potassium lead to the formation of weak basic sites on the acid support (titania),
therefore exhibited bifunctional behavior to produce biodiesel from low cost feedstocks.
Furthermore, they added that the synthesized catalyst presented interesting activities with
robust character since there was no need for in situ pre‐treatment or inert reaction environment.
Farooq et al. [115] employed mixed oxide supported bifunctional heterogeneous catalysts in
biodiesel production from waste cooking oil. The author reported that the synthesized catalysts
show improved transesterification activities and provided the maximum biodiesel yield of
91.4% in reaction time of 4 h at a reaction temperature of 100°C, methanol to oil molar ratio of
27:1 and an agitation speed of 500 rpm. Moreover, the synthesized catalyst showed substantial
chemical stability and could be reused for at least eight times without major loss in its catalytic
activity. The catalyst deactivation in the higher run was attributed to strongly adsorbed organic
molecules onto the active sites and leaching of the various active metals during biodiesel
production from waste cooking oil. They further concluded that the physicochemical proper‐
ties of the biodiesel produced from waste cooking oil comply with the international standard
specifications.
Similarly, Taufiq and his research team [116] modified La2O3 with Bi2O3 (1–7 wt%) to develop
an efficient catalyst for simultaneous esterification and transesterification reactions at atmos‐
pheric pressure. The catalysts were characterized by X‐ray diffraction (XRD), BET surface area,
desorption of CO2 (TPD‐CO2) and NH3 (TPD‐NH3). The authors found that the bismuth
concentration significantly affected the performance of the catalyst and La2O3‐Bi2O3 mixed with
5 wt% bismuth exhibited excellent transesterification activity for biodiesel production from
jatropha oil. The bifunctional catalyst, under optimal reaction condition of methanol/oil molar
ratio of 15:1, 2 wt% of the catalyst amount, reaction temperature of 150°C and reaction time of
4 h, provided the highest conversion of 93% from jatropha oil. This catalyst maintained 87%
of FAME conversion after three successive recycling experiments. The decrease in the catalytic
activity of the La2O3‐Bi2O3 catalyst was related to the decrease in the concentration of Bi and
Li metals in the catalyst when used in transesterification of jatropha oil.
Taufiq [28] and his research group also reported a CaO‐La2O3 mixed oxide based bifunctional
heterogeneous catalyst for biodiesel production from jatropha oil. They studied the stability
of the CaO‐La2O3 binary system in detail for the sustainable biodiesel process. The authors
mentioned that the metal–metal oxide network between Ca and La resulted in well dispersion
of CaO on the composite surface and thereby, increased the number of active acidic and basic
sites as compared to that of bulk CaO and La2O3 metal oxide which in turns enhanced the
catalytic activity. Furthermore, the biodiesel conversion increased with the increase in the Ca/
La atomic ratio up to 8.0, where the stability of the CaO‐La2O3 binary system decreased at the
Ca/La atomic ratio of 10.0 due to highly saturation of CaO on the catalyst surface. The authors
reported highest biodiesel yield of 98.76% at 160°C, 3 h, 25 methanol/oil molar ratio and 3 wt
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%. In addition, the CaO‐La2O3 binary system was stable even after four cycles with negligible
leaching of Ca2+ ion into the reaction medium.
Alhassan et al. [117] reported Fe2O3‐MnO‐SO42‐/ZrO2 nano sized bifunctional heterogeneous
catalysts for biodiesel production from low‐grade waste cooking oil. The physicochemical
properties of the synthesized catalysts were studied by using X‐ray diffraction (XRD), Tem‐
perature Programmed Desorption of NH3 (TPD‐NH3/CO2), Thermal gravimetric analysis
(TGA), Fourier Transform Infrared Spectroscopy (FT‐IR), Brunner–Emmett–Teller (BET)
surface area measurement, Energy Dispersive X‐ray Spectroscopy (EDS), Transmission
Electron Microscopy (TEM) and X‐ray Photoelectron Spectroscopy (XPS). The authors
reported that the catalyst could be reused six times without any substantial loss in its catalytic
activity with the maximum yield of 96.5 ± 0.02% at the optimized conditions of the reaction
temperature of 180°C; stirring speed of 600 rpm, 1:20 M ratio of oil to alcohol and 3 wt/wt%
catalyst loading.
Recently, zinc oxide (ZnO) nanostar, synthesized by the microwave‐assisted surfactant free
hydrolysis method was applied as the catalyst for biodiesel synthesis through one‐step
simultaneous esterification and transesterification from high free fatty acid by Kwong et al.
[118]. The author reported that the ZnO nanostar catalyst showed high stability and robustness
at the end of the reaction, providing a biodiesel yield of 97.3% via simultaneous esterification
and transesterification in low grade feedstock like waste cooking oil and crude plant oils. They
pointed out that the high efficiency of the synthesized catalyst could be attributed to the in‐
situ formation of the ZnOl intermediate and the ZnGly deposited on the catalyst surface to
form a new co‐catalyst.
In the view of above discussion, bifunctional heterogeneous catalysts seem to be a promising
technology for biodiesel production from low‐grade feedstocks, but after several time usage
their catalytic activity topple down due to deactivation by strong adsorption of organics and
leaching of the various active metals during transesterification of low‐cost feedstocks. Hence,
still there is enough gap for improvement to develop a robust bifunctional heterogeneous
catalyst and incorporate desired physicochemical properties with enhanced catalytic activity,
selectivity, and stability for economical biodiesel production from low cost feedstocks.
5. Recommendation
Environmentally friendly and efficient heterogeneous catalysts for a sustainable biodiesel
technology are getting more and more attention among the research communities. The
invention of the novel heterogeneous catalysts that have desirable physical and chemical
properties, more stable, durable, and efficient under ambient conditions is one of the primary
goals in focus of many research communities. The following steps may be recommended to
design an efficient catalyst for sustainable biodiesel production from different biomass.
1. An appropriate catalytic configuration and preparation method may be adopted to design
an efficient bifunctional catalyst with desired physical and chemical properties, which in
terms help to achieve good thermal and mechanical stability.
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2. The catalyst structure‐activity correlation should be thoroughly defined by evaluating the
physicochemical properties of the synthesized catalyst using different analytical techni‐
ques to develop a robust bifunctional heterogeneous catalyst with desired physicochem‐
ical properties to carry simultaneous esterification and transesterification reactions in the
low‐grade feedstocks. The physicochemical properties of the bifunctional heterogeneous
catalyst may be tuned to get optimum number of active sites, which in terms would
improve the catalytic activity, stability during biodiesel reaction from low grade feed‐
stocks for sustainable energy process.
3. The use of waste materials such as animal bones, naturally available clays, etc., should be
utilized as raw materials for catalyst preparation. The use of raw materials in the biodiesel
technology will further contribute to low‐cost biodiesel production. These materials may
be modified to develop an effective catalyst which may be used several times for biodiesel
production from low cost feedstocks.
Currently, our research group is also working on the modification of naturally available clay
for biodiesel production from waste cooking oil. We have introduced different metals and
groups into selected clays by the modified impregnation method to develop bifunctional
activity of the catalyst with enhanced catalyst stability and activity for sustainable biodiesel
technology.
6. Conclusion
The use of bifunctional heterogeneous catalysts for biodiesel production seems to be a
promising technology for the efficient biodiesel production from low cost feedstocks, such as
waste cooking oil for sustainable energy production. Therefore, it is essential to design a
bifunctional heterogeneous catalyst with desired physical and chemical properties, which
show potential ability to carry simultaneous esterification and transesterification reactions in
low grade feedstocks for sustainable biodiesel production. The catalyst structure‐activity
correlation should be properly studied to modify the physicochemical properties of the
synthesized catalyst to design an effective heterogeneous catalyst for biodiesel production.
Moreover, the use of waste cooking oils as feedstocks and waste materials for catalyst prepa‐
ration is very interesting, and may further make the biodiesel production process economically
feasible and will greatly decrease the production cost of biodiesel.
Acknowledgements
The authors would like to express their sincere gratitude to Universiti Teknologi PETRONAS,
Malaysia.
Bifunctional Heterogeneous Catalysts for Biodiesel Production using Low Cost Feedstocks: A Future Perspective
http://dx.doi.org/10.5772/65553
299
Author details
Anita Ramli1*, Muhammad Farooq1,2*, Abdul Naeem2, Saleem Khan2,
Muhammad Hummayun2, Azhar Iqbal2, Sohail Ahmed1 and Liaqat Ali Shah2
*Address all correspondence to: anita_ramli@petronas.com.my and
farooq_khann@yahoo.com
1 Department of Fundamental and Applied Sciences, Universiti Teknologi PETRONAS
(UTP), Tronoh, Perak, Malaysia
2 National Centre of Excellence in Physical Chemistry, University of Peshawar, Peshawar,
Pakistan
References
[1] Karmee SK, Lin CSK. Lipids from food waste as feedstock for biodiesel production:
Case Hong Kong. Lipid Technol. 2014;26:206–209.
[2] Wang R, Sun L, Xie X, Ma L, Liu L, Liu X, Ji N, Xie G. Biodiesel production from
Stauntonia chinensis seed oil (waste from food processing): Heterogeneous catalysis by
modified calcite, biodiesel purification, and fuel properties. Ind. Crop. Prod. 2014;62:8–
13.
[3] Fatih, Demirbas M, Balat M, Balat H. Biowastes‐to‐biofuels. Energy Convers. Manage.
2011;52:1815–1828.
[4] Ashnani MHM, Johari A, Hashim H, Hasani E. A source of renewable energy in
Malaysia, why biodiesel? Renew. Sust. Energ. Rev. 2014;35(0):244–257.
[5] MacLeod CS, Harvey AP, Lee AF, Wilson K. Evaluation of the activity and stability of
alkali‐doped metal oxide catalysts for application to an intensified method of biodiesel
production. Chem. Eng. J. 2008;135(1–2):63–70.
[6] Luque R, Lovett JC, Datta B, Clancy J, Campelo JM, Romero AA. Biodiesel as feasible
petrol fuel replacement: A multidisciplinary overview. Energy Environ. Sci.
2010;3:1706–1721.
[7] Gnanaprakasam A, Sivakumar VM, Surendhar A, Thirumarimurugan M, Kannadasan
T. Recent strategy of biodiesel production from waste cooking oil and process influ‐
encing parameters: A review. J. Energy. 2013;2013:10.
[8] Bankovic‐Ilic, IB, Stamenkovic OS, Veljkovic VB. Biodiesel production from non‐edible
plant oils. Renew. Sust. Energ. Rev. 2012;16:3621–3647.
Frontiers in Bioenergy and Biofuels300
[9] Chhetri AB, Watts KC, Islam MR. Waste cooking oil as an alternate feedstock for
biodiesel production. Energ, 2008;1:3–18.
[10] Karmee SK, Linardi D, Lee J, Lin CSK. Conversion of lipid from food waste to biodiesel.
Waste Manage. 2015;41:169–173.
[11] Gui MM, Lee KT, Bhatia S. Feasibility of edible oil vs non‐edible oil vs waste edible oil
as biodiesel feedstock. Energy, 2008;33(11):1646–1653.
[12] Felizardo P, Correia MJN, Raposo I. Production of biodiesel from waste frying oils.
Waste Manage. 2006;26:487–494.
[13] Öner C, Altun S. Biodiesel production from inedible animal tallow and an experimental
investigation of its use as alternative fuel in a direct injection diesel engine. Appl.
Energy, 2009;86:2114–2120.
[14] Viola E, Blasi A, Valerio V, Guidi I, Zimbardi F, Braccio G, Giordano G. Biodiesel from
fried vegetable oils via transesterification by heterogeneous catalysis. Catal. Today,
2012;179(1):185–190.
[15] Zhang Y, DubÃ© MA, McLean DD, Kates M. Biodiesel production from waste cooking
oil: 2. Economic assessment and sensitivity analysis. Bioresour. Technol. 2003;90(3):229–
240.
[16] Balat, M, Balat H. Progress in biodiesel processing, Appl. Energy, 2010;87:1815–1835.
[17] Shay EG. Diesel fuel from vegetable oils: Status and opportunities. Biomass Bioenerg.
1993;4(4):227–242.
[18] Lee AF, Wilson K. Recent developments in heterogeneous catalysis for the sustainable
production of biodiesel. Catal. Today, 2015;242, Part A:3–18.
[19] Borges ME, DÃaz L. Recent developments on heterogeneous catalysts for biodiesel
production by oil esterification and transesterification reactions: A review, Renew. Sust.
Energ. Rev. 2012;16:2839–2849.
[20] Istadi I, Anggoro DD, Buchori L, Rahmawati DA, Intaningrum D. Active acid catalyst
of sulphated zinc oxide for transesterification of soybean oil with methanol to biodiesel.
Procedia. Environ. Sci. 2015;23(0):385–393.
[21] Sharma M, Khan AA, Puri SK, Tuli DK. Wood ash as a potential heterogeneous catalyst
for biodiesel synthesis. Biomass Bioenerg. 2012;41(0):94–106.
[22] Farooq M, Ramli A, Naeem A. Biodiesel production from low FFA waste cooking oil
using heterogeneous catalyst derived from chicken bones. Renew. Energ. 2015;76(0):
362–368.
[23] Islam A, Taufiq‐Yap YH, Chu C‐M, Chan E‐S, Ravindra P. Studies on design of heter‐
ogeneous catalysts for biodiesel production. Process Saf. Environ. Prot. 2013;91(1–2):
131–144.
Bifunctional Heterogeneous Catalysts for Biodiesel Production using Low Cost Feedstocks: A Future Perspective
http://dx.doi.org/10.5772/65553
301
[24] Jiang ST, Zhang FJ, Pan LJ. Sodium phosphate as a solid catalyst for biodiesel prepa‐
ration. Braz. J. Chem. Eng. 2010;27(1):137–144.
[25] Farooq M, Ramli A, Naeem A, Saleem Khan M. Effect of different metal oxides on the
catalytic activity of γ‐Al2O3‐MgO supported bifunctional heterogeneous catalyst in
biodiesel production from WCO. RSC Adv. 2016;6(2):872–881.
[26] Ali RM, El Latif MMA, Farag HA. Preparation and characterization of CaSO4–SiO2–
CaO/SO42‐ composite for biodiesel production. Am. J. Appl. Chem. 2015;3(3–1):38–45.
[27] Pereira CO, Portilho MF, Henriques CA, Zotin FMZ. SnSO4 as catalyst for simultaneous
transesterification and esterification of acid soybean oil. J. Braz. Chem. Soc.
2014;25:2409–2416.
[28] Lee HV, Juan JC, Taufiq‐Yap YH. Preparation and application of binary acid‐base CaO‐
La2O3 catalyst for biodiesel production. Renew. Energ. 2015;74(0):124–132.
[29] Hoekman SK, Robbins C. Review of the effects of biodiesel on NOx emissions. Fuel
Process. Technol. 2012;96:237–249.
[30] Qing Shu HY, Bao Liu, Lihua Zhu, Caixia Zhang, Jinfu Wang. Synthesis of biodiesel
from model acidic oil catalyzed by a novel solid acid catalyst SO42‐/C/Ce4+. Fuel.
2015;143:547–554.
[31] Sousa LL, Lucena IL, Fernandes FAN. Transesterification of castor oil: effect of the acid
value and neutralization of the oil with glycerol. Fuel Process. Technol. 2010; 91:194–
196.
[32] de Almeida VF, GarcÃa‐Moreno PJ, Guadix A, Guadix EM. Biodiesel production from
mixtures of waste fish oil, palm oil and waste frying oil: Optimization of fuel properties.
Fuel Process. Technol. 2015;133(0):152–160.
[33] Boehman AL. Biodiesel production and processing. Fuel Process. Technol. 2005;86(10):
1057–1058.
[34] Keskin A, Guru M, Altiparmak D, Aydin K. Using of cotton oil soapstock biodiesel‐
diesel fuel blends as an alternative diesel fuel. Renew. Energ. 2008;33(4):553–557.
[35] Ramadhas AS, Jayaraj S, Muraleedharan C. Use of vegetable oils as I.C. engine fuels:A
review. Renew. Energ. 2004;29(5):727–742.
[36] Amais RS, Garcia EE, Monteiro MR, Nogueira ARA, Nobrega JA. Direct analysis of
biodiesel microemulsions using an inductively coupled plasma mass spectrometry.
Microchem. J. 2010;96(1):146–150.
[37] Ma F, Hanna MA. Biodiesel production: A review. Bioresour. Technol. 1999;70(1):1–15.
[38] Brennan L, Owende P. Biofuels from microalga:eâ€” a review of technologies for
production, processing, and extractions of biofuels and co‐products. Renew. Sust.
Energ. Rev. 2010;14(2):557–577.
Frontiers in Bioenergy and Biofuels302
[39] Naik SN, Goud VV, Rout PK, Dalai AK. Production of first and second generation
biofuels: A comprehensive review. Renew. Sust. Energ. Rev. 2010;14(2):578–597.
[40] Bharathiraja B, Chakravarthy M, Kumar RR, Yuvaraj D, Jayamuthunagai J, Kumar R ,
Palani S. Biodiesel production using chemical and biological methods‐ A review of
process, catalyst, acyl acceptor, source and process variables. Renew. Sust. Energ. Rev.
2014; 38:368–382.
[41] Kouzu M, Hidaka J‐s. Transesterification of vegetable oil into biodiesel catalyzed by
CaO: A review. Fuel. 2012;93(0):1–12.
[42] Moussavou Mounguengui RdoW, Brunschwig C, Barea B, Villeneuve P, Blin J. Are plant
lipases a promising alternative to catalyze transesterification for biodiesel production?
Prog. Energy Combust. Sci. 2013;39(5):441–456.
[43] Demirbas A. Comparison of transesterification methods for production of biodiesel
from vegetable oils and fats. Energy Convers. Manage, 2008;49(1):125–130.
[44] Takase M, Zhao T, Zhang M, Chen Y, Liu H, Yang L, Wu X. An expatiate review of neem,
jatropha, rubber and karanja as multipurpose non‐edible biodiesel resources and
comparison of their fuel, engine and emission properties. Renew. Sust. Energ. Rev.
2015;43(0):495–520.
[45] Reed TB, Graboski MS, Gaur S. Development and commercialization of oxygenated
diesel fuels from waste vegetable oils. Biomass Bioenerg. 1992 3(2):111–115.
[46] Karmee SK. Liquid biofuels from food waste: Current trends, prospect and limitation.
Renew. Sust. Energ. Rev. 2016;53:945–953.
[47] Meira M , Quintella CM, Ribeiro EMO, Silva HRG, Guimaraes AK, Overview of the
challenges in the production of biodiesel, Biomass Conversion and Biorefinery, 5 (2015)
321–329.
[48] Fadhil AB, Dheyab MM, Abdul‐Qader A‐QY. Purification of biodiesel using activated
carbons produced from spent tea waste, Journal of the Association of Arab Universities
for Basic and Applied Sciences 2012, 11; 45–49.
[49] Hoque ME, Singh A, Chuan YL. Biodiesel from low cost feedstocks: The effects of
process parameters on the biodiesel yield. Biomass Bioenerg. 2011;35(4):1582–‐1587.
[50] Chen K‐S, Lin Y‐C, Hsu K‐H, Wang H‐K. Improving biodiesel yields from waste
cooking oil by using sodium methoxide and a microwave heating system, Energy 2012,
38:151–156.
[51] Balat M. Potential alternatives to edible oils for biodiesel production: A review of
current work. Energy Convers. Manage. 2011;52(2):1479–1492.
[52] Borugadda VB, Goud VV. Biodiesel production from renewable feedstocks: Status and
opportunities. Renew. Sust. Energ. Rev. 2012;16(7):4763–4784.
Bifunctional Heterogeneous Catalysts for Biodiesel Production using Low Cost Feedstocks: A Future Perspective
http://dx.doi.org/10.5772/65553
303
[53] Talebian‐Kiakalaieh A, Amin NAS, Mazaheri H. A review on novel processes of
biodiesel production from waste cooking oil. Appl. Energy, 2013;104(0):683–710.
[54] Zhang H, Wang Q, Mortimer SR. Waste cooking oil as an energy resource: Review of
Chinese policies. Renew. Sust. Energ. Rev. 2012;16(7):5225–5231.
[55] Demirbas A. Progress and recent trends in biodiesel fuels. Energy Convers. Manage.
2009;50(1):14–34.
[56] Sharma Y, Singh B. Development of biodiesel: Current scenario. Renew. Sust. Energ.
Rev. 2009;13(6):1646–1651
[57] Yusuf NNAN, Kamarudin SK, Yaakub Z. Overview on the current trends in biodiesel
production. Energy Convers. Manage. 2011;52(7):2741–2751.
[58] Xiang Y, Wang L, Jiao Y. Ultrasound strengthened biodiesel production from waste
cooking oil using modified coal fly ash as catalyst. J. Environ. Chem. Eng. 2016;4(1):
818–824.
[59] Diya uddeen BH, Abdul Aziz AR, Daud WMAW, Chakrabarti MH. Performance
evaluation of biodiesel from used domestic waste oils: A review. Process Saf. Environ.
Prot. 2013;90(3):164–179.
[60] Kouzu M, Kasuno T, Tajika M, Sugimoto Y, Yamanaka S, Hidaka J. Calcium oxide as a
solid base catalyst for transesterification of soybean oil and its application to biodiesel
production. Fuel, 2008;87(12):2798–2806.
[61] Chin LH, Hameed BH, Ahmad AL. Process optimization for biodiesel production from
waste cooking palm oil (Elaeis guineensis) using response surface methodology. Energ.
Fuel, 2009;23(2):1040–1044.
[62] Kouzu M, Hidaka J‐s, Komichi Y, Nakano H, Yamamoto M. A process to transesterify
vegetable oil with methanol in the presence of quick lime bit functioning as solid base
catalyst. Fuel, 2009;88(10):1983–1990.
[63] Omar WNNW, Nordin N, Mohamed M, Amin NAS. A two‐step biodiesel production
from waste cooking oil: Optimization of pre‐treatment step. J. Appl. Sci. 2009;9(17):
3098–3103.
[64] Yan S, Kim M, Salley SO, Ng KYS. Oil transesterification over calcium oxides modified
with lanthanum. Appl. Catal. A: Gen. 2009;360(2):163–170.
[65] Brito A, Borges ME, Garín M, Hernández A. Biodiesel production from waste oil using
Mg‐Al layered double hydroxide catalysts. Energ. Fuel, 2009;23(6):2952–2958.
[66] Georgogianni KG, Katsoulidis AP, Pomonis PJ, Kontominas MG. Transesterification of
soybean frying oil to biodiesel using heterogeneous catalysts. Fuel Process. Technol.
2009;90(5):671–676.
Frontiers in Bioenergy and Biofuels304
[67] Yan S, Salley SO, Simon Ng KY. Simultaneous transesterification and esterification of
unrefined or waste oils over ZnO‐La2O3 catalysts. Appl. Catal. A: Gen. 2009;353(2):203–
212.
[68] Guan G, Kusakabe K, Yamasaki S. Tri‐potassium phosphate as a solid catalyst for
biodiesel production from waste cooking oil. Fuel Process. Technol. 2009; 90(4):520–
524.
[69] Yan S, Mohan S, DiMaggio C, Kim M, Ng KYS, Salley SO. Long term activity of modified
ZnO nanoparticles for transesterification. Fuel 2010;89(10):2844–2852.
[70] Son SM, Kusakabe K, Guan G. Biodiesel synthesis and properties from sunflower and
waste cooking oils using CaO catalyst under reflux conditions. J.Appl. Sci. 2010; 10(24):
3191–3198.
[71] Del Remedio Hernández M, Reyes‐Labarta JA, Valdés FJ. New heterogeneous catalytic
transesterification of vegetable and used frying oil. Ind. Eng. Chem. Res. 2010;49(19):
9068–9076.
[72] Olutoye MA, Hameed BH. Synthesis of fatty acid methyl ester from used vegetable
cooking oil by solid reusable Mg1‐xZn1+xO2 catalyst. Bioresour. Technol. 2011b;102(4):
3819–3826.
[73] Koberg M, Abu‐Much R, Gedanken A. Optimization of bio‐diesel production from
soybean and wastes of cooked oil: Combining dielectric microwave irradiation and a
SrO catalyst. Bioresour. Technol. 2011;102(2):1073–1078.
[74] Gomes JFP, Puna JFB, Gonçalves LM, Bordado JCM. Study on the use of MgAl hydro‐
talcites as solid heterogeneous catalysts for biodiesel production. Energy 2011;36(12):
6770–6778.
[75] Sánchez‐Cantú M, Pérez‐Díaz LM, Rosales R, Ramírez E, Apreza‐Sies A, Pala‐Rosas I,
Rubio‐Rosas En, Aguilar‐Franco M, Valente JS. Commercial hydrated lime as a cost‐
effective solid base for the transesterification of wasted soybean oil with methanol for
biodiesel production. Energ. Fuel, 2011;25(7):3275–3282.
[76] Molaei Dehkordi A, Ghasemi M. Transesterification of waste cooking oil to biodiesel
using Ca and Zr mixed oxides as heterogeneous base catalysts. Fuel Process. Technol.
2012;97(0):45–51.
[77] Nair P, Singh B, Upadhyay SN, Sharma YC. Synthesis of biodiesel from low FFA waste
frying oil using calcium oxide derived from mereterix as a heterogeneous catalyst. J.
Clean. Prod. 2012;29–30(0):82–90.
[78] Agarwal M, Chauhan G, Chaurasia SP, Singh K. Study of catalytic behavior of KOH as
homogeneous and heterogeneous catalyst for biodiesel production. J. Taiwan. Inst.
Chem. 2012;43(1):89–94.
Bifunctional Heterogeneous Catalysts for Biodiesel Production using Low Cost Feedstocks: A Future Perspective
http://dx.doi.org/10.5772/65553
305
[79] Birla A, Singh B, Upadhyay SN, Sharma YC. Kinetics studies of synthesis of biodiesel
from waste frying oil using a heterogeneous catalyst derived from snail shell. Bioresour.
Technol. 2012;106(0):95–100.
[80] Sankaranarayanan S, Antonyraj CA, Kannan S. Transesterification of edible, non‐edible
and used cooking oils for biodiesel production using calcined layered double hydrox‐
ides as reusable base catalysts. Bioresour. Technol. 2012;109(0):57–62.
[81] Khemthong P, Luadthong C, Nualpaeng W, Changsuwan P, Tongprem P, Viriya‐
empikul N, Faungnawakij K. Industrial eggshell wastes as the heterogeneous catalysts
for microwave‐assisted biodiesel production. Catal. Today, 2012;190(1):112–116.
[82] Boey P‐L, Ganesan S, Maniam GP, Khairuddean M. Catalysts derived from waste
sources in the production of biodiesel using waste cooking oil. Catal. Today, 2012;190(1):
117–121.
[83] Sreeprasanth PS, Srivastava R, Srinivas D, Ratnasamy P. Hydrophobic, solid acid
catalysts for production of biofuels and lubricants. Appl. Catal. A 2006;314(2):148–
159.
[84] Zong M‐H, Duan Z‐Q, Lou W‐Y, Smith TJ, Wu H. Preparation of a sugar catalyst and
its use for highly efficient production of biodiesel. Green Chem. 2007;9(5):434–437.
[85] Jacobson K, Gopinath R, Meher LC, Dalai AK. Solid acid catalyzed biodiesel production
from waste cooking oil. Appl. Catal. B 2008;85(1–2):86–91.
[86] Lou W‐Y, Zong M‐H, Duan Z‐Q. Efficient production of biodiesel from high free fatty
acid‐containing waste oils using various carbohydrate‐derived solid acid catalysts.
Bioresour. Technol. 2008;99(18):8752–8758.
[87] Cao F, Chen Y, Zhai F, Li J, Wang J, Wang X, Wang S, Zhu W. Biodiesel production from
high acid value waste frying oil catalyzed by superacid heteropolyacid. Biotechnol.
Bioeng. 2008;101(1):93–100.
[88] Wang J, Chen Y, Wang X, Cao F. Aluminum dodecatungstophosphate nanotube as a
solid acid catalyst one‐pot production of biodiesel from waste cooking oil. BioRes.
2009;4(4):1477–1486.
[89] Li J, Wang X, Zhu W, Cao F. Zn1.2H0.6PW12O40 nanotubes with double acid sites as
heterogeneous catalysts for the production of biodiesel from waste cooking oil.
ChemSusChem. 2009;2(2):177–183.
[90] Zhang X, Li J, Chen Y, Wang J, Feng L, Wang X, Cao F. Heteropolyacid nanoreactor with
double acid sites as a highly efficient and reusable catalyst for the transesterification of
waste cooking oil. Energ. Fuels, 2009;23(9):4640–4646.
[91] Lam MK, Lee KT, Mohamed AR. Sulfated tin oxide as solid superacid catalyst for
transesterification of waste cooking oil: An optimization study. Appl. Catal. B
2009;93(1–2):134–139.
Frontiers in Bioenergy and Biofuels306
[92] Komintarachat C, Chuepeng S. Solid acid catalyst for biodiesel production from waste
used cooking oils. Ind. Eng. Chem. 2009;48(20):9350–9353.
[93] Fu B, Gao L, Niu L, Wei R, Xiao G. Biodiesel from waste cooking oil via heterogeneous
superacid catalyst SO42‐/ZrO2. Energ. Fuel, 2008;23(1):569–572.
[94] Gan M, Pan D, Ma L, Yue E, Hong J. The kinetics of the esterification of free fatty acids
in waste cooking oil using Fe2(SO4)3/C catalyst. Chin. J. Chem. Eng. 2009;17(1):83–87.
[95] Srilatha K, Issariyakul T, Lingaiah N, Sai Prasad PS, Kozinski J, Dalai AK. Efficient
esterification and transesterification of used cooking oil using 12‐Tungstophosphoric
acid (TPA)/Nb2O5 catalyst. Energ. Fuel, 2010;24(9):4748–4755.
[96] Lam MK, Lee KT. Accelerating transesterification reaction with biodiesel as co‐solvent:
A case study for solid acid sulfated tin oxide catalyst. Fuel, 2010;89(12):3866–3870.
[97] Shu Q, Gao J, Nawaz Z, Liao Y, Wang D, Wang J. Synthesis of biodiesel from waste
vegetable oil with large amounts of free fatty acids using a carbon‐based solid acid
catalyst. Appl. Energ. 2010;87(8):2589–2596.
[98] Ramachandran K, Sivakumar P, Suganya T, Renganathan S. Production of biodiesel
from mixed waste vegetable oil using an aluminium hydrogen sulphate as a heteroge‐
neous acid catalyst. Bioresour. Technol. 2011;102(15):7289–7293.
[99] Morales G, Bautista LF, Melero JA, Iglesias J, and Sánchez‐Vázquez R. Low‐grade oils
and fats: Effect of several impurities on biodiesel production over sulfonic acid
heterogeneous catalysts. Bioresour. Technol. 2011;102(20):9571–9578.
[100] Lam MK, Lee KT. Mixed methanol–ethanol technology to produce greener biodiesel
from waste cooking oil: A breakthrough for SO42‐/SnO2–SiO2 catalyst. Fuel Process.
Technol. 2011;92(8):1639–1645.
[101] Otadi M, Shahraki A, Goharrokhi M, Bandarchian F. Reduction of free fatty acids of
waste oil by acid‐catalyzed esterification. Procedia Eng. 2011;18:168–174.
[102] Ramírez‐Ortiz J M‐VJ, Rosales MM. Used frying oil for biodiesel production kaolinite
as catalyst. World Acad. Sci. Eng. Technol. 2011;80:977–980.
[103] Wang Y, Ma S, Wang L, Tang S, Riley WW, Reaney MJ. Solid superacid catalyzed
glycerol esterification of free fatty acids in waste cooking oil for biodiesel production.
Eur. J. Lipid Sci. Technol. 2012;114(3):315–324.
[104] Noshadi I, Amin NAS, Parnas RS. Continuous production of biodiesel from waste
cooking oil in a reactive distillation column catalyzed by solid heteropolyacid: Opti‐
mization using response surface methodology (RSM). Fuel, 2012;94(0):156–164.
[105] Sin H‐Y, An S‐H, Sheikh R, Park YH, Bae S‐Y. Transesterification of used vegetable oils
with a Cs‐doped heteropolyacid catalyst in supercritical methanol. Fuel, 2012;96(0):
572–578.
Bifunctional Heterogeneous Catalysts for Biodiesel Production using Low Cost Feedstocks: A Future Perspective
http://dx.doi.org/10.5772/65553
307
[106] Wu J, Gao Y, Zhang W, Tan Y, Tang A, Men Y, Tang B. Esterification of cooking oil for
biodiesel production using composites Cs2.5H0.5PW12O40/ionic liquids catalysts. Appl.
Petrochem. Res. 2014;4(3):305–312.
[107] Wan Omar WNN, Amin NAS. Biodiesel production from waste cooking oil over
alkaline modified zirconia catalyst. Fuel Process. Technol. 2011;92(12):2397–2405.
[108] Macario A, Giordano G, Onida B, Cocina D, Tagarelli A, Giuffre AM. Biodiesel
production process by homogeneous/heterogeneous catalytic system using an acid/
base catalyst. Appl. Catal. A 2010;378(2):160–168.
[109] Cannilla C, Bonura G, Rombi E, Arena F, Frusteri F. Highly effective MnCeOx catalysts
for biodiesel production by transesterification of vegetable oils with methanol. Appl.
Catal. A 2010;382(2):158–166.
[110] Wen Z, Yu X, Tu S‐T, Yan J, Dahlquist E. Biodiesel production from waste cooking oil
catalyzed by TiO2‐MgO mixed oxides. Bioresour. Technol. 2010;101(24):9570–9576.
[111] Borges ME, Díaz L, Alvarez‐Galván MC, Brito A. High performance heterogeneous
catalyst for biodiesel production from vegetal and waste oil at low temperature. Appl.
Catal. B 2011;102(1–2):310–315.
[112] Kondamudi N, Mohapatra SK, Misra M. Quintinite as a bifunctional heterogeneous
catalyst for biodiesel synthesis. Appl. Catal. A 2011;393(1–2):36–43.
[113] Jiménez‐López A, Jiménez‐Morales I, Santamaría‐González J, Maireles‐Torres P.
Biodiesel production from sunflower oil by tungsten oxide supported on zirconium
doped MCM‐41 silica. J. Mol. Catal. A: Chem. 2011;335(1–2):205–209.
[114] Salinas D, Araya P, Guerrero S. Study of potassium‐supported TiO2 catalysts for the
production of biodiesel. Appl. Catal. B 2012;117–118(0):260–267.
[115] Farooq M, Ramli A, Subbarao D. Biodiesel production from waste cooking oil using
bifunctional heterogeneous solid catalysts. J. Clean. Prod. 2013;59:131–140.
[116] Rabiah Nizah MF, Taufiq‐Yap YH, Rashid U, Teo SH, Shajaratun Nur ZA, Islam A.
Production of biodiesel from non‐edible Jatropha curcas oil via transesterification
using Bi2O3‐La2O3 catalyst. Energy Convers. Manage. 2014;88(0):1257–1262.
[117] Alhassan FH, Rashid U, Taufiq‐Yap YH. Synthesis of waste cooking oil‐based biodiesel
via effectual recyclable bi‐functional Fe2O3‐MnO‐SO42‐/ZrO2 nanoparticle solid catalyst.
Fuel, 2015;142(0):38–45.
[118] Kwong T‐L, Yung K‐F. One‐step production of biodiesel through simultaneous
esterification and transesterification from highly acidic unrefined feedstock over
efficient and recyclable ZnO nanostar catalyst. Renew. Energy, 2016;90:450–457.
Frontiers in Bioenergy and Biofuels308
